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The detaile and purely local factora responsible for deposition will not

be considered. The basic factors which my have relevance tc the deposition

of Si02 at low temperatureswill be reviewed.

The assunqxion on khich this work is based is that at nom concentration

betwaan 150 and 240 ppm of 9i02, especially in the presence of Ca++ and F@++,

some Si02 will corm out of solution. Thmofore tho “solubilit”” of silica

in itm varioum foma, ths natur~ of the silica mlaculo or apache prasont,

and othsr factors caucing polymerizationof ouch ionic or mlaculax sp~cies

will bs considarod. W@ hava ●cannad tha appropriate fields of relevant guo-

chomical litoratura. We did not do ●n axhauati~ ●-arch. We baliava that

tlm litoratum wal~tad will ●arva ●s ●n ●daquat~ ~uida to reooncilinq sam-

inq contradictions.

At ths start, it sammad ●ppropriat~ to concentrate on mathods of ramv-

ing ●llica from tha water so that only ● vary littla of tha incoming water

would ba blown dfwnj wind nntl●vapozation ●hould cause tho major 10BSSS.

DfSCU81310N

This dinous-ion will raviaw tha natura ●nd volubility of ●ilica, Th6

Qff@cts of othar ions ●nd factors bomrinq on tha SOlubillLY will ●lso bo cem-

midarad,

Tho siliua in tho watar coming from the WQ1lS im diamolvod, so most of

thiu LOV1OW will ba aonc~rnod with orthomiliaia ~aid~ Si(OH)4~ and to ● much

lousar mncont with colloidal furm of silica,
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Volubility of Silica

The solubilicy relationshipsof the polymrphs

Lalite, amrphoue silica, and quartz have been well

(Fig. l+
2

and Fournier.

of ~ilica such a~ criato-

summarized recently

Silica “volubility” LS a function of the material. Three lowar tempara-

tura forma, “amrphous silica” (~ilicag81, pyrolyzed silica, infuaorial
.

●arth, etc.), cristobalite,●nd ●lpna quartz have widely diffarant solubil-

itim at tmparaturos balow ●bout 350”C. The curvam shown in Fig. 1 ●re

3
thmm propomd by Moroy, Fournier, ●nd Row., basad on ●arlimr work by

Lanhar ●nd Marri114 ●nd othars. (For othor citations se. Barnes!)

Th6 fact that ●nwrphoua ●ilica shows ● 25°C solnbility of ●bout 115

1,2
ppin

range)

forenr

longer

●ilica

(Alexander,●t als thowod 100-140 ppm ●t 25°C, ● conmmnly acc~ptod

1’2’3 for crystal quartz, indicatem that dif-contraot~d to 3-7 ppm,

mml~rltlarsp?clos ●xist in solution, ●v@n if on. aasunws ● much

period for crymtal quartz to come to equilibrium than for ●mrphmm

to do so.

Fiqura 2 drown th~ ●olubllity rewlta of ~ray ●t ●13 ●nd othezm in

mmawhat rora d~tail. Fi9dra 3 ●hews tha volubility of diffarsnt forma of

●ilica ●m ● funation of time. Nota that tha ●ilioa 9.1 ●nd ●upernaturatmd

●ilica ●olution approach ● similar valuer wharoas tlw aurv?a for silica

91ass ●how E1OW volubility with ti~ but ric~ to highar valu~m. In ●ll

likelihood, thim IS tha “very larqo ●u~rmrturation” (Kray ot ●l). Accor4-

tnq to thano data, the ●Lll”:aqal nucloato~ ● polymorixationof tha Mlubla

-3-
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Bilica so that large auperaaturationdoes not occur. The whole picture is

of a metastable system where different conditions and atarticg materials

may cauae different dissolved species to appear in solution.

Most writers agree, or pmtulato, that Si(Oli)4ie the soluble species

and that in solution it is m@st likely to be present as the monomeric, non-

ionized ●pecies.

The speciee maaeured by the method generally in uee since 1947 for

“active” silica i- the monomeric orthomilicic acid with, poneibly, Boma

dimmric ●cid in solution.6

Alexander ●t ●ls hava shown that ●t least 90t of the monoeilicic acid

in ●olution reacts with nwlybdic ●cid within 2 min. Their volubility proved

to be 140 ppml M monomeric silica. They equilibrated molutions up to 67

daya, but found no mukmtantial si-.ange●fter 20 daye. The difference be-

tween their results and those Qf Horey ●t a13 im that the latter workod

with samples ●quilib~rated up to 1600 days ●nd found substantial changm

beyond 100 days. Morey at ●l ●leo pointed out that tho ariterion of equi-

librium is seldom fulfjllod in silica solutio~e. At ●quilibrium, the re-

action must be reversible to the samo ●olid phaaa. The solutions actually

tend to become very ●uparmaturatad,●nd such supersaturationmay lamt a

long time. Slow polymeriention may taka plain, ●nd n variety of polymerized

upeclcm may form, with ●vontual formation of colloidal solo ●nd qolu.

-4-



The volubility of sillca seems to be little affected by the ionic strerigch

of the solutions. Siever7 had found 140 ppm volubility at 25°C in distilled

water and similar values in “brines” of 40,000 and 50,000 ppm salt content.

Krauskopfe had found similar values. Greenberg and Priceg had found no appre-

ciable effect in solutions of 0.0001 and 0.10 N NaCl and 0.005-0.02 N Na2S04

uolutions. These authors had found the volubility reduced by less than 10*

in 1 N sodium chloride ●olution.

The effect of pH ~n the volubility of

by tha work of Alexander et als (Fig. 4).

amorphous silica can be illustrated

The volubility (at 25°C) is about

140 ppm up to pH 8.5-9. Above 9 it rimes rap~dly. Since, equilibra ar?,

notoriously, slowly attained in silica Bolutlonn, confirmation in supplie;tby

the work of Moray et al
3 who worked with eolutionm (Fig. 5) fr~m hot s~rings.

The calculated nolublLity curve can be extended to form nn envelopr,showing

solublllty -4s.pH in aolutionB titandlng●bout 2 yr. The greatest sclu.bility

over this period 1s shown at about pH 1.5. Considerable supersaturation is

shown at pll3.0-3.5 and lower.

One other work mhould be citad hara, aa it haa a definite bmring both

on the origine of oilica in watar and on the aolubilicy of depoaita on hant

10
axchangara. Way and 8iffart (Fi9. 6) determ.inod short-term silica ●olu-

bilitlaa of a faw apacioa of silica minerala and nhowad tho striking differencaa

between thaaa of “amorphoua ●illca” and “opal” (%lOt 1[20).

Th@ ●mrce of tho silica and ita particla size dotermina short term

11
or apparent aolubilltloa.

‘fheNaturo of Silica in Solution

The

it. Tha

naturu of ●ilicn in solution is tha key fn the problcm of ramoving

form in which ailicu axiata in water, whm:thorcolloidal, cryatalloidal,

-5-



or ior.ich~s been the subject of debate.

In tho earlier geological literature, the eilica present in natural watere

was aeaumed to be colloidal. Thie Etatement ie baeed in

12 13
and Lincolnga wrk and that of Kohlrauech (as quoted

Theea earlier workere apparently based their opinions an

part on Kahlenberq

by E. S. Moore et a114).

the hydrolysis of

sodium silicates in solution and did not allow enough time for their systems

to equilibrate. Nor did they examine natural water critically to determine

the nature of the silica preeent.

my
15

examined the data in the cherlicalliterature and found the evidence

preponderantly in favor of a true solution of eilica in water.

Dienert and Wandenbul.:ke’s
16

work, on the calorimetric determination of

silica and their diffcrantiationbutween soluble or crystalloidal and colloidal

silica in river water~ showed only soluble (no colloidal) silica present. In

faat, coll~!~al silica, at a concentration under the saturation level will

disn,~lve●s a function of time and temperature in neutral or alkaline solution.

In acid, the convek”sionis retarded. The calorimetric results ●re ganerally

co~arable to those from gravimetric determination. However, the silica is

not in ionic form to an appreciable degree. The first ioni=htion constant,

evaluated by Greenberg and Pricet9 is 10-9”77. The volubility and ionization

should qo up with pH over 9 as previously indicated. Almxander et a15

al-o postulated that the dominant speaies in solution at 25°C ●nd PH 2-8 is

si(oIl)4.

Lagarmtrtim
17

has made the point that equilibrium, ●s long us eolutions aro

clearl is instantaneouswhen working with sodium silicates. Lagerstrbm by the

use ef pracisi*m acid-bnse titrations~ dotormined equilibria owr a wide range

of ptl valuem for polymeric and monomeric silica. Stumn et alla havu rec.lc.-

lahd and plottud thoso rmultsl Fig. 7. .
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The silica equilibria plotted are

(1)

(2)

(3)

(4)

in 0.5 molar

Si02 (s amorphous) + 2H20

Si(OH)4 = SiO(Oll)-3+ H+}

based on the following equations:

= Si(OH)4 ; log k250 = -2.7

lo9 k25. - -9.46

-2
sio(OH); = Si02(OH)2 + H+j lq k250 = -12.56

4Si(OH)4
-2 + 2H+ + 4H20J log k250

= ‘i406(0H)6 = -12.57

NaC104 medium.

From the plot it is apparent that the line designated as separating the

“mononuclear domain” (log k250 = -2.7) from the “insolubility domain” defines

a volubility of 120 ppm up to a pH of about 8.5. At higher pH values there

is a stable multimeric &main as indicated by equations 2 and 3, above.

~is in good confirmation of the volubility of amrphous silica consider-

ing that this is based on potentiometirc titrations of sodium silicate solu-

tions in 0.% molar NaC104.

For a practical system, this indicates the limit of safe operation in

the pH range of 6-8.5 is about 150 ppm.

Fournier2 showed that in hot spring waters the increase in alkalinity

causes the appearance of “cyclic” polymers to appear. These seem to be stable

over long periods. O’Connorlg found previously that the activity of silica

present in solution was an inverse function of the S1021Na20 ratio. The higher

ratios (2-J.5) showing a more polywric~ le88 reactive (complexedor gla88@

sio2.

The polymers fonncd at lower pH values

theso depolymorice in a matter of minutes.

Silica, to be coagulated deliberately~

●re nmstly linear (Fourt,ier)
2 and

The oyclic polymars require hours.
19

or to procipitatu inad~ertently,

on heat exchanqors or other surfaces, must polymerize and become colloidal.

Ths exact conditsontacausing the initial Polymerir.ationnmy be difficult to

-7-



determine; this is the area in

the mechanisms can be examined

For Si(OH)~ to coagulate,

which knowledge is

for clues.

Ilerl’ (pp. 26-37)

scant. However, some of

postulates that silicon
.-

rnustshow a coordination nunber of 6 instead of the usual 4, quoting Weyl&u

21
and TreadWell and Wieland who point out that the coordination number of

++++
silicon (Si ) is 6 if tie anion is singly charged, is small, b has low

polarisability. F- and OH- ions met these reqdiremente. The two are equi-

valent in many structures and can replace each other in crystals of large

unit cells, such as mica.

Ilerll (p. 39) visualized the following reaction sequence.

‘O\/“H
Ho/si\

“w

+

HO OH

Alternatively (Ilarpp. 46-47),

bonds linking orthosilicic acids.

ok OH

another structure could show hydroxyl

●OH.%

1

d \
/+

‘“H)4si< 1>.Si(uIi)d ‘2
\ ~“
‘OH--

The polymerization steps wo~ld be follownd by dehydration to form:
.

-s’. -0-s1

. bonds and further polymerization. Aggregation by Van der Waal’s toxsee leads

- Fl-



to negatively charged SOIS. smlmm’a shows that increasing the pH as well as

the concentrationpromotes this process.

Kitahara22found that changes in molecular silica concentrationswere nmst

rapid at PH 7.5 and slower on both sides of this PM. He furtier showed that

the complex polymerization could be represented as a second-order reaction on

the acid side and a third-order equation on the alkaline side. The equation

.

.

.

was assumed to be

where C -

Ce =

k=

n=

dc-—
dt = k(C-Ce)n

applicable,

concentration of

concentration at

rate constant,

molecular silica,

equilibrium,

order of reaction.

The disappearance of the molecular silica represents the

Colloidal Silica

polymerization.

The pH range in which colloidal silica is least stable Is pH 5.0-8.0

(Fig. 8).23 The stability of the sol, of course, is a function of the ionic

strength. A 100 m M/L solution of NaCl is requj.redto cause gelling of an

sio2

[H20

eol whereae a 15 m N/L BaC12 has the same effect.
24

Colloidal Eels of Si02 are negatively charged, presumably by adsorbed

11
Si(OH)5]- ions or hydroxyls in alkaline solutions. Krauskopf8 (p. 20)

found that ferric oxide precipitated in S102 solution removed colloidal Si02

but not tha dissolved material, Likewise, sea water precipitates colloidal

eilica~ and dissolved supersaturated silica is polymerized ar.dprecipitated.

However, such precipitation is not inmwdiately complete but “requires several

daya or weekb co attain a steady atata.”

-9-



The effect of aluminum ion on silica precipitation is well known.

Okaumto, Okuna, and Goto
25

found a stroriglykH-deperdent reaction between

+i+
silica SOIS and U . One m#liter of Al++ was sufficient to reduce 45

W/liter of Si02 irlthe SO1 to 5 W/liter in the PH rage 4-5 (Fig. 9).

As Fig. 10shows, molecularly disFersed ok dissalved silica requires con-

siderably larger ratios of alumlnum ion to precipitate the silica. The pH

for optimum.precipitation is also displaced to 8-9. It seems that OH- ions

promote polymerization, as they do degmlymerizaticn. Aluminum seems to have

an added polymerizing effect, but it certainly shows the coagulating effect

of m trivalent ion in increasing the ionic strength and causing coagulation

of a negative 9o1.

One other point might be raised in this connection. Okamoto et al
25

point out that an excess of colloidal s~lica over alumina keeps both from

precipitating (Fig. 11). This is a phenomenon of revershg the charge on

26the formed alurdna sol and thus “protecting” it against precipitation.

Preci~itation OF SilicL V.,derNatural Conditions—— --

Previous discussion has shown that the s~lubility of amrphnus silica%

1,2,5 9,1-l,i7
is in khe 100-140 ppm range. Si(OH)4, a very slightly ionized species,

ie generally accepted as the major one in solution.

The role of pH in causing polymerization has been shawn (O’Connor,
19

Lagcrstrt!ml
17

and Stumm.!18

It has bcm shown that the Golubil!ty of silica is little affected by

7,0
salts up to 0.2 ~ .

Wllitac?Lal,
28
working with hot-spring wdters~ found that the silica con-

-ln-



1.

.

.

that solutions at pH less then 7 stayed supersaturatedwith Si02 much longer

than solutions at 7.8 and over. He also showed that partly dehydrated gel

hastened the polymerization of dissolved (supersaturated,332Pw) Si02, tie

higher the pH, the faster the polymerization (pH

with 138 ppm Si02 content, the loss of dissolved

for a 332 ppm solution the loss was 182 ppm in a

7.8 or over). For a solution

Si02 was only 5 ppnu whereas,

35-day period.

White et a128 agree that supersaturatedacid waters and alkaline waters

with less than 100% supersaturationtend to remain supersaturatedalnmst in-

definitely. Higher temperatures and the presence of opal favor precipitation.

We find other points of similarity aumng these writers’ experiences,

natural systems~ and the evaporative coolers. Generally, at Los Alamos, preci-

pitation is prevented if the silica is kept below 150 ppm.

~lay Formation
.

The fl~rmationand decompositionof clays are relevant to the possible

formation of an opaline layer on heat exchangers (more than 60% Si02 and less

than 12% H20).

Occasionally, it has been noticed
29

that some of the Los Manns scale

contains what appears to be “tuff dust” (volcanicash) acting as a nucleus for

scale formation. The following discussion may suggest a partial chemical mech-

anism for such e nucleation conversion of soluble silica to an insoluble opal-

ine layer.

Ocean waters have a maximum silica concentration of 1 to 4 ppm.30 The

temperatures of nmst of the oceans are 2-5°C, in which case the solubillty of

quartz would be about 5.7 ppm and that of anmphous silica about 60 ppm. In

an attempt LO explain this gross undersaturation,MacKenzie and Garrels
31
showed

that when some clay minerals, such as kaolinite~ glauconite~ and mntmorillonite,

are suspended in sea water enriched in silica (25 ppm) the dissolved silica

-11-



decrsases rapidly. The clays

deficient in Si02 (0.03ppm),

The significanceof this

fruu tuff are caught in water

exchangers form a nucleus for

take up coma of the silica. If the water ia

the clays rapidly yield silica to the water.

locally may be that wind-borne clay minerals

in cooling towers and upon deposition on heat

silica de~sltlon from the relatively silica-

rich (80-150ppm) water. In this respect, we note that HacKenzie and Garrels

also found that a solid hydroxylated magnesium silicate forms when the S102

concentrationexceeds 26 ppm~ at pH 8.1.

mllast32 calculates that at pH 7.8 sepiolite [2MgO~3Si02~3.5H20] will

dissolve to the extent of 60 ppm Si02 and at pH 8.5 to tne extent of about

6.7 ppm.

Hem et al” have shwn that A12Si205(OH)4, hallaysi:e, an amorphous pro-

duct related to kaolinite can be formed at pH 4-10 at 25”C, where the Si02

content of the solutions is over 9 ppm.

The significance of a chemical interaction between alumina and silica in

solution is that a colloidal high free energy nf formation producq -897 K.Cal/

MO1., does form and provides the mechanism for renwal of SiOq even at pH 10.

F~gure 12.

Many workers have

on silica34 in variout3

noted the special insolubilizingeffect of aluminum ion

applications~ such as suppression of the quartz reac-

:iun with lung tissue which causes silicosis. Iler35 showed that alumina ad-

sorbed on the surface of amorphous silica reduces the rate of solutionl as

well as the equilibrium -olubility~ of silica in water~ even when less than

+++
a mol.olayerof Al ions is pre&ant.

flillot36(particularlyp. 349 et seq.) hae givtina convincing ~xplanatlon

of the dynamics of clay formation.

-12-



In general, feldsparcan be converted,

conditions (complcxingacids~ hum.icacids~

of compounds with accompanying elirnin~tion

under somewhat acidic leaching

C02, or mineral acids), to a serieg

.
of si(oIi)4.

2KAl(Si30@) + 2H+ + 9H20s

A12Si205(OH)4 + 4Si(OH)4 + 2K+.

The

But, the

minexals

kaolinite fozned can, in turn, be leached to yield gibbsite, A1(OH)3.

important point is that these reactions are reversible and that clay

can be formed from silica and alumina, given appropriate cation con-

36
centratione (Pedro~ in Millet). Generally, in the preseme of oxcees ●lumina

(in alumina-silica gels) the he~acoordinate form of alumina is favored at FH’S

from 4.5 or 5.0 to 8. This fact is significant because of itm possible favor-

able effect on the removal of silica frcnnwater.

Summarizing the optimun conditions for clay formation (Millet36 p. 344)

states that:

1. An increaee in th~ relative concentration of alumina in a “gel”

favora the hexacoordinate form of aluminum.

2. Low pH favore hexamordination of Al+++ alOOm

3. Decreasing the electrolyte content tends to promte hexacoordination

findhence the formation of kaolinite.

4. The presence in th~ g~l of crystalline nucleil ~f qibbsite is nucea-

~ary for development of kaulinitc.

10Rofurring to Iloyand Siffcrt’s work, MilloL (pp. 420-425) stateo th~t

-13-



becausa the volubility of alumina is approximately 1 ppm, it can adnorb silica,

whoa. volubility im shut 120-140 ppm. Alumina can, therefore, fix silica

onto the layered gibbsite structure.

The ourves in Fiq. 13, after Wey and Siffert (C4illot,p. 350), shw the

volubility of ●ilica from clay-. Compared to the volubility of anmrphoua Si02,

kaolinite ●xhibits negligible ●ilioa ●olubLlity.

FETHOM FOR RE~VTNG SILICA FROM WATER

Alumina

The preoeding dimumion has dealt mainly with the geochamioal ●speots

of the interaction of alumina with milica. However, the praoti?al effect of

alumina in remving silioa from water is wall known.
31.39

Mehrma#’ ar,dth.

others, 30,39
have all shown the potential of ●luminum ion for removing silica from

water with ●lumina in some form. B@hrman ●t ●l. mentionud, in p;saing, one

water’s silica-oontent r~duction from 68 to 5 ppm by parnsagethroug”~● bed

of alumina. They mention many “favorable remulcw” without giving ~etailm.

Lindeay ●nd Ryanar
38

used sodium alununat* in solutio~ to remve #iliaa

from water. They found that they oould remove a ‘substantial propofiion” ot

silica from watera oontainl.ng3.3 to 95.2 ppm by uoing weight ratioa of 115

●odium aluminutalmilica. Tha re-ulto bhowd that nuximum removal ooourrad ●t

pH B-9. The treatment wao a floooulation typa Involving rmyaling of a prefomed

sludge. TIIatraatment added appr~”hnle llme and oodium to ,...‘=.”mr.

IncLd*ntally~on a oimple weight ba-ie, : comp~r180n with ferric mulfate ●hewed

the aluninate to be more than twice ●m affective aD “ho former for removing

●ilica,

Thu beat treatment for a water containing 95,2 ppm of b]filc!xm~luLodof

255 ppm of bodium alumtnate (90t) and A.- IJF-Of liI- with HC1 mlud : z [)H

-14-



1.

adjumtmant. Rasidual milica waa 2.0 ppm, Ferric sulfate undmr similar condi-

tions loft 47 ppm of silica. Doubling tha ferris ●ulfata and lima lafi 20 ppm

of Si02 in solution.

Uoy ●nd 8iffart, 10
Fig. 14, starting with 140 ppm of monomoria ●ilica in

solution ●nd 42 ppm of Al+++, laft as much ●- 70 ppm of Si02 in solution (in

tho ●bsonoa of NaCl)at 0-10 PH. In tha pramonca of NaCl, thar~ waa ●bout 20

ppm of solub19 silica laft in solution. On ● 111 molar bada, thuro should

h~va boon ●bout 57 ppm hft.

Th@ ●ffact of “soma NaCl” on tha ranoval of silica from solution by Al+++

indioataa that ● oolloid had rormad and wam being flocaulatad out. Thin im

26
probakly dn ionic •tr~ri~~h ●ffect. Sturm ●nd O’M*lia hava discumsod th,

condition for mutuai coagxlacion of ●lumina ●nd ●ilica in datail.

Apparently littlo ccmnoroial USQ ha- baan mada of .Ithor FQ3+ or A13 ●m

flocculanto for ths rmo~al of sillca from solution, ponmihly booauaa of tho

dimadvantagao Lnharont in th flocculationprocaan togothmr with the poor

rmoval in momt casmsm It la ●lmo tru~ thst in mat parts of tho country,

silica 10 not pr9na~t ~n concantratkna of ovor 40 ppm in riwr watorl usually

lQSM than 30 ppm in Lakm wstarn and lass than 30 ppm in bprinq watorm (R@f. 40,

pp. 19-28), Th@sQ ●ra ●ufficiantly low for mat cooling watarml for atnam

gan,ratlon the U8S of maqn@sia ●nd latar ion ●mchango rallinufor Dilica ro-

nwal wero ●pparently mnru ndvantagaoun.

Liebknacht
41

patantod tha U-O of clrimcl (80-90°C)hydroum oxido golo such

SJ thobm of iron~ alumlnum~ titanium~ chromiuml o@riumP scandium, magnoaiuml

cnlyjar,tin, airconlum, thortlun,nnd tungntia acid ●n aolumn ndnorbantn for 8i02.

Irnn—.

We havn cit.udsome ra~~lltmwith fnrrlc nulf~tn mm a flueculationagent

under “Alumin~.” LicMn(,rht4’ uslnq irol~ nxidn a- an rxamplm, found chat at

-1~-



the rata of 0.5 column

was raducod to 1 ppm.

there waa still enough

volume per minute, the Eilica+in a 17-pprnSi02 water

After the pasaagt of 1600 column volumem o. the water,

capacity left to reduce the silica cantent to 7-9

ppm. ApparsntlyO littla or no commrcial us- has bosn mada of the process.

8chwartz42 r(mvigwad th. ramval of ailIca with farric hydroxide from

watar for boilar faod purposas in 1938. A pH ●t about pH 9.0 ham been uumd

for silica rmoval. Tha dosaqa raquirad, up to 20 ppm (Ref. 40, pp. 3Q7-368)~

ia ● fufi:tionof silica contmt. The ●ulfata content im inxeaavd so that if

tho wat~r la ●ubsequmtly ●oftanad~ rmoval of 1 ppm of Si02 would csuao ●d-

dition of 0.5-21 ppm of ●edium ●ulfata. Its umofuln~ss in silica rswvai i-

now mainly ●s ● coagulant

watgr vary similar to Los

by tho rumting of iron G

silica. m. difficulties

43
●id for magn,aia (Rmf. 40C p. 5t3). Laaf, Uming

Alamos watnr, found that fresh iron oxida, formed

situ, in ● column was a “vary good” adsorbw’itfor

of producing ●uch fra-h rust ●nd t}lo●vontual co-

manting of tho iron shavingo caused tho proj~ct to bo ●bandonad.

Magnefiium

Oth@r than anion rasina, maqn,aium ion han be~n tha ●gent mcmt usad to

removo oilioa from wat9r. ThiE is on. of th~ fow spaoiaa that reaat @p@uifi-

aally with 13i(OH)4. Wqnoala ia wall known for its prom~nca in alaya ●nd al-o

for its haxamnrdinat~ struotura in tho fom of brueita. (Thio im in lina

with th~ prtlviouadisauss;on indioatinq tha importance of !mxacoordlnatlon

for tho polymerization of eilica.)

Th@ inuolubllity of at haut ont maqnanium Oilioats, mopiolit,r has Ml-

road) boon dinauamad (Clay Formrntion),

Way and 8iffmrt
10

(Fig. 15) nhowod that for ● saturatad ●morphouu S102

no]ution with about 140 pprn●ilica contant~ with ●n equivalent ●mount of

addlldMqclal th~ maximum precipitation im at PN 11-11,S. About 39 ppm of

-16-



S102 remains IIIsolution. Tha region of Mg(OtI)2insulubilicy i~ from PII9.2

upwards.

Botz et al
39

have shown that addition of 100 ppm of “active” MgO can re-

duca tha silica oonten: at 93°C from 22 to 1 ppm. Howmmr, at 30°C thm raduc-

tion is only to i6 PP. The ●fficiency of renmval ie wry much a function of

temparatura. Tlm Mg(OH)2 has an invorao cooffidant of eoluility, ●O that,

in practice, highar tmporaturas raduea tho hardnass. Tho hardnm in this

Oaao goas frml ee to m. The original ~rdn@a~ was 36s

A commn mathod of watar “softaning” is ths hot-lima proc-so in which

lima (or dulomitio limo] an~ soda ●sh ara ●dded to water prahoatad with mtaam.

Suah● ●y-tam is oft.tin uamd to romw silica,

Fiqura 16~ (Nordoll,
40

p. 513) uhows tha markad offoct of temperature

on silica removal .’- ● funation of silicalmagn-sium ratio.

A vary pruetioal ●ot of curvoa from Norde1144 (Fi9,17 )? shws tha rela-

tion batwaan silica promnt and magnaaia added for romnval. Thaao curvas in-

cludo a 15\ aafaty faotor. Tha disadvantaqen of th~ procooo aral

1. For good ●iliaa ramovnl~ tha procasm must bm oporatod bet.

2. It roquiram rooirculation of slud~a ●nd -ld influant for maximum

raaation with silioa.

3. cost - tha 4 MgC03’Flg(010#{20 costs 16-2Wlb.

Th cxparimntal pmqr,m wau pr~limin~ry und nomlquantil:ntivetdonb:ml

II=Iinlyfor oriflntrntion mn tn tacllniqll~~[l,



a coarse, frittad did seal. The alumina waa

momh, “chromtographic grade.” Tap water wae

Tho VQSS61S wsr- Pyrex, and Wa did not try to

Amend Chemical Company’s 80-200

passed through at 4-6 ml/min.

account for tha volubility of

tho silica from tho glass. The ●ilica oontent of tha effluant water waa

dstarminod by standard molybdata oolorimetrio mathoda for monommric (or

4s
●ctivo ●ilica. Tho first thret oolumn volums of filtrato woro iik=?rdod.

Moaauroments war. readson subsaquont incrmentm.

Tabla I shows tha results. Data from tha ●ingla sat of results indiaata

an “induction psriod” when 200-250 ml of w%tar passad through tho COIUW during

whiah ronmval was not oompltto. Siliaa waa praotioally complatsly ramwed

from th watm during pmsago of 250 column volumom of water. After passaga

of 830 aolumn volums, about SO ppm of silioa, out of 80, was still being

romovod, Aftar filtration of 1400 column voluams, thors was ●till ● roduotion

in ●iliaa oontont.

Beaker Tmmtm for Silleh ?loctaulation

Adsorption on Alumina of SiOq from L08 Alamos Towar W&tar.
*

to detmmlna wh~thsr ●lumina, in a “mtirrad” b~ahor tarot, wou’d

ailloa oont.nt of ● mora oonoontratad (146 ppm S102) wat~r from

No. 3 Uooling towar. W@ ●dded varioum waigFt ratiom (A12031Si02

Thie waa a teat

●ffaat tha

tha Loa Alamo,

) of “ahroma-

tographic grmh” alumina to tho watar ●RI@aa ●nd stirrtd thorn for 2 h at ●bout

70 rpm. Tha alarlfiad water wam filtmrad.

Tabla 11 ●hews that tha 111 waight, ratio A1203i8i02 ●wmad to have littlm

offmcc on thu silica. Doubling tho ratio romvod ●bout 309 of tho ●iliat.

Further lnaraauun had littlo ●ffoct on romval. Psrhapa what wan being rmovod

was ● colloidal or hlghor ~lymorl ●nd only a ulight or UIW intoraation

occurrad bctwmm tho diamcllvad•ilia~ ●nd tho A1203.

-1o-



Adaorptic-nof Si02 on Hagnesium Hydroxide

We made three sets of tests under different conditions.

1. In thie test W, uead magnesium sulfate solution, made alkaline with

additions of line, am the source of magnesia to remove silica from water (80

Ppm Si02) at room temperature. These solutions were ●tirrcd at 100 rpm dur-

ing mixing and at 30 rpm for 2 h. We added various Equivalents of Mg++ and

Ca++ am shown in Table III. ~enty ppm of commercial grade ferric sulfate

waa umad am a coagulation aid.

Table III ahwa that the ●ilica in, indaad, reduced 05-80t undar tha

tarotaondition~, but with incraaaad calcium hacdnnam. Furthormors, tha effi-

ciency on tht basis of Mg++ add-d is 64* at b%st. Probably 45-50t would ba

mora common. Of coursal this could be inorcamad by hot op~ration.

?.- Tabl@ IV ~lhow~tho rasults of a toot with LAMPF towor wat~r concan-

tratad to 150 ppm of S102. Wo uaad magnesLum-to-Si02●quivalantn of 1sss than

1, Tha ramulta indiaatm that usually leaa thm half of thu ●ilica pr-sent wam

rcimvd. Howavmr, tha ●ffici.ncy of ●ilica removal ranged from 60 to l15b.

Thiw probably indicatea that tha 8i01 wa~ somawhat polymarizod and wam baing

rmovcd rathar raadily. In faot tha high ●ffiaiancy for lcM Mgt8i02 ration

;,layindlcat. that wa war@ 8melng ● prefargntial

fractiona.

3. Tabla X ●hews ●omewhat nlmilar renultm

ramval of highar polymeric

++
when tho eourne of Mg wa8

a basic aarbonat~ of magnesium. The water contained 240 ppm of Si02. Thin

was tap wnttirconcontratod by avaporaticm to ●imulata thu rnilioalemJalmpromnt

et the Power Plant. At ths low eq\llvalontuof ●ddad magnmaium ion, the offi-

clancy wak!wull OVCL 1. As tha Mg++1S102 ratio wam increamod, tha ●fficiency

dropped, It would ba umful to detarmino wh~thar thio is truly n funotion of

-19-



tha prior degree Of poly~arization or the effmt of d~creasing concentration

on polymerization rata (Kitahara’s equation).

Tha Treatment Of Cooling Tower Blowdown with 121ectrochemicallyGenerated

petal Hy~rOxides

There have been laboratory rntudieson the usa of electrochemically

46
generated ferrous hydroxide for the removal of chromate 47and phosphate

from cooling tower blowdown and waste waters. h commercial unit is now

available for ths removal of chromato from cooling tower blowdown by the use

49
of ●laccrochamicallygenerated ferrous hydroxide. It has been shown also

that ●lectrolysim with Al elactroda- could be used to remove :la2Si03which

htid ba~n ●dded to river water. 49

Sinca dissolvqd Si02 in the watar supply limite tho number of cycles

●t which LoG Alamos cooling towers can ba operated,50 a possible proceee fur

its removal moaned worthy of inveetigatinn. The treatment of cooling tower

blowdown for which tho maksup water was numtly mocondary sewagu46 will be

described.

Batch eloctrolysss w@re carried out with 2-liter samplee of the cooling

towor blowdown as prwioualy dencrib~d,46,47 oxcapt in this mtud~ a vnriety

o: metals wera evaluated in addition to tha iron, Them reeulte are givm in

Tablo W. The watore w,ra olactrolyzod with tha givan metal au both Qloctrodeu

nt a conqtant current of 1.0 amp and a var.iablopotential of from 3 to 10 Volta.

ThrIinitLal ptl of tho eolutjontrwan 8.6 nrldau tho aluct.rolyrni~proc~edod tho

p}{~ncruau~clto l!J.fJfor thu :,1nnclto 10.”/for tho f!qwith tllool.llormotalh



1-

It 16 confirmed in

effective than the name

Table VII that

quantity of Al

pH. In addition the electro hemlcally

electrochemicallygenerated Al is umre

added as A12(S04)3 at the sam final

generated M reducas the tctal dinaolved

solidm (TDS) in the solutione while treatment with A12(S04)3 cause~ an in-

creaee in the TDS.

Tho pH of the km Alarms cooling tower blowdmn water before treatment

W~# 8.6. In Tablg VIII the initial pH was ●djumted to pH 5.5 befora electroly-

sis and resulted in poorer rmnovals of Si02, Ca, Mg, and TDS than when the

initial pH wan 8.6. Thee. raaults are concintent with previous chemical co-

50
agulation ●tudias for tha removal of SiO from water.

2

The continuous flow treatment unit prwiously detcribcd by Onatott ●t

.146 was mdified to uat Al elmctrodos and was umod to treat up to on. gallon

p-r minute of cooling tcwar blowdan. Preliminary results indicata that ●bout

7.2 MJ (4

electroda

tha w~cer

kWh) of direct current ●lectricity &nd 0.2 KS (one half pound) of Al

wam needad to reduco tha Si02 contont of 3.8 m3 (10.JOgallons) of

by e5t. This ralativsly high ●narqy use ●hould km ccmparad with

such alternative procmsam for rocycla of water am ●vaporation, ●lactrodialy-

sis, ion ●xchanqe or ravarsta osnmi..

SUMMARY AND CONCLUSIONS

This raviaw ●nd diacummion ●,rvos aw ●

problom of silica deposition from water in

guido to our future work on the

haat axchangora.

Tho conalumionn to bo drawn ar~ that silic,iin watar i- a metastable

8y8tam whoeo bahavtor im difficult to pradiot. It tmnda to ●uparmaturate

and dupnnding on other ionm pranont~ it precipitatan. Tha volubility of

●llica i~ 6 function of thn ●pocleo l*ithwhich it LB in equilibrium. BIlica

ahowr.incol~gruentvolubility from “:ariouasilioate ●pecies (such as olayu).

-21-



Amrphous silica shows about 140 ppm volubility. The effect of pH on regions

0: stability have been worked out previously. Ho{.aver,rate data on polymer-

ization are unavailable and data on the various epeciea present in supersaturated

solutions are scarce. In spite of low degree of ionization, silica does

react with other ions and hydrous oxide species containing aluminuml magnesiunb

and iron. E%periMntal data as well as calculatioae of equilibria leading to

simple clay type materials and to magnesium silicates are available. The

data cited indicate that the magneaium and aluminum ions play a large role in

natural systms in removing ~ilica from water. These ions probably also have

● largm role in tho deposition of silica in heat exchangers judging from

thair prernanco in siliceous depoa:ts. Additionally, these ions have been the

basis for some commercial methods of Si02 ranvwal from water.

The ●xperi mental work described shows the superior usefulness of Al+++ for

the removal of Silica frc.mmollng waters.

Work is needed additionally on: (1) Determination of the factors and

material- that influenoe the “supersattisation”of ●ilica for extended parlode~

(2) further studies on removal of silica from waters by use of alumlna as

an adsorbent and on methods of regenaratio’1~(3) detailed nt”dias on removal

by ion ●xchangera as compared with removal by alumina adeorbents~ (4) Engineering

studies on tha influance of degre@ of supersaturation~presence of saoond

phase, heat transfer rate, turbulence, ate., on the demsition of Biliaa from

cooling wdters.

-22-
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APPENDIX

Table IX shows analyses of scalee and tuffs. The deposits showed only

amorphous eilica by “X-ray diffraction.” The - tuffs showed alpha quartz,

“tridymite~alpha cristobalite and some amorphous constituents. The deposits

were water derived~ the Al O and Fe O were from compments in the svstcm.
23 23

The analyses are typical of the waters discussed above. Table X shows some

typical analy6e9 for water.
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0.01. Aftar J. D. Nam ●t al.33

Solubillcy of tho ntlica of Varmun Clayu mfter WQy ●nd Siffnrt,
10

ltam)vmlof Si02 from ● nalurdtmd (140 pl~m)mo~utlon by AL
~+

an ●

funcr.ionof pll.11

-an”



Fig. 15. Fwmoval of Si02 from a ●turated (140 ppm) solution by MU2+ (sulfate)
am a function Of PH.1O

Fig, 16. Tompcraturo offoct- on ●ilica removal by magnesium hydroxiilo.30

Fiq. 17. Silica removal by magn~mia in hot liw-soda process.
44
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col~
TilxOll#lput

(ml)

Tapwater
con~~o~

O-125

150-250

35a-450

65C-750

uoc-1.2oo

1800-1930

1.930-2030

2752-2850

4350-4950

16650

17300

17670-22170

27270-28370

TA6LE I

REM3VAL OF SILXCA F- TM? WATER BY AM WINA COILU#

m. of col-
Vol-s of hhter

Throughput

6

12

22

37

60

96

101

142

247

832

865

1108

1418

Analvsis

Sio2 (PP=N ca- (ppm) m“ (p! pH

82

3

16

0.4

0

0

0

0

0

6

30

48

53

66

12

4

0

0

2

0

0
11

13

4

0
0

0
0
4

2

8.3

8.3

8.3

7.6

7.6

7.5-8.0

7.5

7.5

%OIIa: 20-91 almina, 5.3-a height. Almina powder: 80-200 mesh chraaatographic
q-, ~~ tiChe-ical ~., l&w York.



ADSO-ION ON A.LUUIMAaOF Si02 F- IAAIPF WATER

Analysis
After Treatnmt

A1203/Si02 Si02 (p-) pH
—_ —

LAMPF-water
control 146

1:1 140 8.1

2:1 98 tl.o

3:1 92 8.0

<:1 88 8.05

5:1 83 8.5

% umina pwder, 80-200 =sh, chrmtographic
grade, Amend Drug and Chemical Co. , New York.



.

TABLE III

BEAKHRTHST

ADSORPTION ON MAGNESIA OF SiOq FROM TAP WATERa

EquiJ= Equivc

No. Hgso4 . 7i120 Ca (OH)*

Id

2

2

4

0

0

in water.

An&lysis

Si02 Ca- HgH

(pPM) Plf --

48 10.2 40 24

29 10.3 66 1.2

10 ~~.3 100 5.1
12 11.2 132 1.2

72 7.0 18 20.7

73 7.8 38 18.2

Si02

Equiv
Found

0.60

0.36

0.12

0.15

0.90

0.91

Efficiency
(Si02 Equiv

Si02 ReL~Vedz’

Equiv Mg++ Equiv
Removed Added)

0.40 0.40

0.64 0.64

0.88 0.44

0.85 0.43

0.10 0.10

0.09 0.10

%0 form m3tasi3.icateMg0.Si02: Si02 + Hgso4 .7H20 + Ca (OH)~ —-14gOSi02 + CaS04.

c~ial lisx!,about 90S Ca(OH)2.

’20 * of ~rcial-grade ferric sulfate as a flocculent, room temperature stirred at
IGO ~ durimg mixing a.m32hat30qnu.



30.

3-12

B-13

B-14

B-15

s-16

*17

3-18

Eqt#
HCJS04.7H20

0.16

0.24

0.38

0.49

0.75

0.75

Equivc
Ca(OH)2

(to ?497

0.40

1.19

0.81

2.16

0.81

1.62

%i02, 150p i31A?WFtowerwatar.

bl@S04.7E20, laboratory reagent.

c~cial W, =X 903 Ca (OH)z.

L

Analysis
Si02 Si02 S102

Found
(ppm

150

149

108

97

92

83

33

Equiv
Found

1.0

0.72

0.65

0.61

0.55

0.22

Equiv
RenK)ved

o
0.28

0.35

0.39

0.45

0.78

Efficiency
(Si02 Equiv

Removed/

xg” Equiv
Added )

o

1.15

0.93

0.80

0.60

1.03



TADLE v

REM3VAL OF Si02 PRCM CONCENTRATED TAP WATER

BY ~IC FIAG14ESIUFICARBOHATE=

mpiv

No. “c

B-i 0.42

B-3 1.OC
*4 1.4C

B-o -

Equiv
Ca (OH) z

0.21

0.42

1.00

1.50

Si02

Found

m
175

154

138

116

240

Si02

Equiv
Found

0.73

0.64

0.57

0.48

Si02

Equiv
Removed Effc

0.27 1.30

0.36 0.86

0.42 0.43

0.52 0.37

af W3 M9(OH)2.4S20 Mallinckmdt analytical reagent.

‘4 e3.HgKW2.43520 + 4Ca{CS)2 + 5 Si02 = 5 RlgSi03 + 4 CaC03.

%fflciexq = Si02 eq removed .

M++ aq added



TABI& VI

“L?KEE~ OF ELEC1’ROCHEMICALLY GENERATED METAL HYDROXIDES
ON SILICA, CALCIUM, PIA~IUM AND ‘TOTAL DISSOLVEb !3C)L:DS

IN ~ ALAMOS CQOLING T(MER BL.W~

T- of Electrolysis at 1.0

10 minutes
Si02

ca&Pq TDs

73 11- 6 536

119 22-8 610

135 14- 7 672

135 21 - 28 782

117 26 - 10 650

20 minutes 30 minutss
Si02 Ca & Mg TDS ‘i02 Ca & Mg TDS——

9 8- 4 368 1 5-1 336

103 20 - 8 579 9019-7 551

4110-5 520 17 11- 4 440

84 18 - 32 716 36 21 - 25 5C6

6724-9 718 32 24 - 15 L>8~
All results are given in mg/1.
The con~trations before electrolysis were: Si02 = 160 ❑g/1, Ca = 24 mg!l,
Mg = 9 I@l and TDS = 634 mg/1.



Si02

A CO14PARISON OF THE E~CTIVENESS OF ELECT~CHEMICALLY GENERATED
ALUMINUM WITH TliE S- QUANTITy OF ALUMINUM SWPLIED By

Alz(S04)3 . 18H20 ON TEE Si02, Ca, Mg, AND TDS
FROM IOS ALAMOS COOLING T~R BWViDOITN

85 mg/1 Al 170 mq/1 Al 755 1 Al

Electro. % (s04)~ Electro. ’12 (’04)3 Electro.W A12 (s%

73

Ca&Mg 11-6

110

22-7 8-4

48

18-6

1

6-1

5

14-3

TDS 536 852 368 1203 336 1602
All results are given in mg/1.

The concentrationsbefore treatments were: Si02 = 160 mg/1, Ca = 24 mg/1~ Mg = 9mg/1

and TDS = 634 mg/1.



OFms

Tim of Electrolysis at 1.0
1

& ‘s3
mi 2 3

Si02 73 97 9 37 1 16

Ca&Mgll -726-68 -422-66-122- 6

TDS 536 714 368 628 336 534

All results are given in mg/1.
- concentrationsbefore electrolysiswere: Si02 - 160 mg/1,

- = 24 mgil, B@ = 9 mg/1 and TDS = 634 mg/1.



Constituent

Si02

‘=203

‘1203

CaO

Mgo

i’ia20

Cuc

ZnO

P*05

‘2

Loss on Ignition

Undetermined

ANALYSES OF
AT VARIOUS

TABLE IX

SCALES AND TUFF AS FOUND
INSTALLATIONSAT LASL

●Cooling Tower
% Dqmsit El% Bldg.

61.3

5.6

1.8

8.9

0.4

1.0

none

2.7

4.0

10.2

4.0

SM- 40
Scale

42.6

5.7

1.2

**Chiller
H 2 E. Sec.
LAMPF

56.5

10.3

0.5

0.5

0.5

.

23.9

7.7

Local Tuff
Sample Sample

I-

81.0

1.9

7.7

0.4

none

2.1

none

none

0.1

none

0.4

6.1

66.1

1.0

10.0

1.1

none

3.9

none

none

Tr

none

0.8

16.3

Wata from Ebasco Services, Inc. report November 30, 1973, quoted from Phoenix
CoEPany report, sa@es collected Aigust and September 1970._

●*Data from Pomeroy and ThoB, August 7, 1973.



Miscellaneous Data

TABLE X

ANALYSES OF TAP WATER (TA-50, LASL)

pH

Conductivity

P, Alk. (CaC03)

Total Alk. (CaC03)

Total Hardness(CaC03)

Calcium (Ca++)

Magnesium (Mg++)

Sodium (Na+)

Chloride (Cl-)

Fluorido (F-)

Nitrate Nitrogen (N)

Silica (Si02

Total Solids

7.9

124

0

64

48

13

4

11

6

0,2

0;2

80

1S6

7.9

110

u

60

40

13

2

9

4

0.2

0.2

82

176


